Abstract Early health technology assessment is increasingly being used to support health economic evidence development during early stages of clinical research. Such early models can be used to inform research and development about the design and management of new medical technologies to mitigate the risks, perceived by industry and the public sector, associated with market access and reimbursement. Over the past 25 years it has been suggested that health economic evaluation in the early stages may benefit the development and diffusion of medical products. Early health technology assessment has been suggested in the context of iterative economic evaluation alongside phase I and II clinical research to inform clinical trial design, market access, and pricing. In addition, performing early health technology assessment was also proposed at an even earlier stage for managing technology portfolios. This scoping review suggests a generally accepted definition of early health technology assessment to be ''all methods used to inform industry and other stakeholders about the potential value of new medical products in development, including methods to quantify and manage uncertainty''. The present review also aimed to identify recent published empirical studies employing an early-stage assessment of a medical product. With most included studies carried out to support a market launch, the dominant methodology was early health economic modeling. Further methodological development is required, in particular, by combining systems engineering and health economics to manage uncertainty in medical product portfolios.
Introduction
Over the last two decades, there has been an increasing interest in using early-stage models to inform product development, market access, and pricing. The use of earlystage health economic models is relevant to inform decisions on the commercial viability of new medical technologies, and it thus allows companies to stop further development if results suggest that the product is unlikely to be successful, in other words 'fail fast, fail cheap'.
Although early-stage health economic modeling has been around for some time, different definitions are used. From a historical perspective, the iterative use of health economic evaluation along the product development pathway was first mentioned in the mid-1990s by Mauskopf et al. [1] , Sculpher et al. [2] , Grabowski [3] , and Terrés [4] . While Mauskopf et al. [1] urged for early involvement of health economics and outcomes research (HEOR) in the clinical evidence development strategy, Sculpher et al. [2] proposed a model to collect health economic evidence starting in the early stages of clinical evidence development, including a systematic evaluation of costs associated with the intervention and early-stage health economic models. Until then, most publications on early-stage health economic modeling were on drug development. It was 2006 before the first papers presenting an early-stage health economic model in medical devices were published. Dong and Buxton published an early-stage Markov model with a probabilistic sensitivity analysis for a knee replacement procedure [5] , van Til et al. published an early-stage model on the use a neural prosthesis for post-stroke shoulder pain [6] , and Hjelmgren et al. published a study on cell replacement therapy in Parkinson's disease [7] .
In 2008, Hartz and John published an extensive review including more than 1000 papers with a final set of 83 including empirical studies, 56 in pharmaceuticals and 27 in medical devices [3, 8] . Although their paper does not give the details on the included empirical studies, they summarized the benefits of early-stage modeling as supporting: strategic research and development (R&D) decision making, pre-clinical preliminary market assessments, go/no-go decisions, identification of potentially successful projects, development of future trial design, and assessment of future reimbursement and pricing [4, 8] .
While the early work on early-stage health economic models mainly comprised health economic evidence collection in early stages of clinical drug development [1, 5, 9] , Miller was the first to broaden the scope [10] , followed by Vallejo-Torres et al. [11] , Pietzsch and Paté-Cornell [12] , and IJzerman and Steuten [13] . Miller extended the role of health economic modeling in the early stages of drug development, to a range of other methods that are used to manage product portfolios such as clinical trial simulation, options pricing, and value of information. Pietzsch was the first to introduce early health technology assessment (HTA) as a systems engineering approach to support companies to make internal decisions about medical device development [12] . IJzerman further conceptualized early HTA by introducing HTA in (early) translational research, by providing an overview of the key methodologies used as well as the various stakeholders to be informed at different decision gates [13] . While the former papers suggest that early HTA is about quantitative health economic methods to manage product portfolios, Rogowski et al. extended the meaning of early HTA by introducing the value chain in the recent book chapter on translational health economics. They identified at least three different stages where health economics can contribute to the translational value chain; at the initiation of a new process of development, during the process of R&D by health economic evidence generation, and finally in the implementation by working toward managed-entry arrangements [14] . In addition, Levin also describes early evaluation as a mechanism of risk sharing in the development of evidence on costs and effects of the new technology. He suggests HTA was originally developed for technologies that had passed regulatory approval, and proposes single studies that harmonize regulatory and coverage decisions [15] .
Another finding is the increasing interest in the early HTA of medical devices. While most of the early work is about informing drug development, there has been a rapid increase in studies evaluating medical devices since 2006. This is likely mainly owing to the global trend to build strong regional medical technology innovation clusters with support of (local) governments. It is often recognized that medical technology success greatly depends on the value created to the health system in terms of patient outcomes, convenience, or sustainability of care. There are many examples of such innovation clusters in Europe and Canada, but some of them have also formally connected to academic HTA research groups such as MARS-Excite in Ontario (http://www. marsdd.com), Medical Valley in Erlangen (http://www. medical-valley-emn.de), Oncotyrol in Austria (http:// www.oncotyrol.at/en/), Center for Translational Molecular Medicine in Eindhoven (http://www.ctmm.org), and Health Valley (http://healthvalley.nl).
The primary objective of this article is to review the historical context of early HTA, and to identify recently published empirical studies. This review is structured into four different sections. The article first starts by framing the context of early HTA based on the different viewpoints and definitions used, this is followed by a literature update presenting studies published between 2013 and 2016. The third and main part of the article is an overview of the different methods used. The article concludes with a discussion of future developments in early HTA in valuebased health systems and personalized healthcare in particular.
Early Health Technology Assessment in the Context of Translational Research
Most of the initial work on early HTA was in the context of iterative economic evaluation alongside clinical evidence development strategies. Figure 1 presents an overview of studies that introduced the use of health economic evaluation alongside drug development, later also referred to as iterative use of health economic evaluation. The figure shows that the initial papers were published from the mid-1990s until 2001 and proposed the collection of health economic evidence alongside clinical trials in stage I and II [1, 3, 4, 9, 16, 17] . In all these uses of the term early HTA, the medical product, which often is about drug development, is ready for testing in clinical trials, which means the reference to 'early' in this case reflects the uncertainty in the clinical evidence and the mechanisms to reduce or mitigate uncertainty in evidence development. This may even include decisions to stop further clinical investigation. Several examples of such iterative health economic modeling were published in the past, demonstrating, for instance, the value of additional research [18] .
Ten years after the introduction of iterative use of health economic modeling in drug development, the first empirical early-stage health economic models of medical devices and advanced therapy products were published [5] [6] [7] . It is at this point in time that another meaning of early HTA started to emerge. According to Pietzsch and Paté-Cornell, early HTA is used to inform manufacturers and investors about the design and management of a technology, as well as regulatory and reimbursement strategy [12] . They suggest the HTA process may also have an impact on the medical device design, specifications, and thus performance. This wider definition is the focus of most of the recent work on early HTA. IJzerman and Steuten distinguish early HTA in the context of informing health policy and industry, respectively, and urge for more clarity about the definition of early HTA [13] . In their paper, they identified the different decision gates where HTA may be beneficial, and distinguished different objectives of the assessment such as informing R&D, market access, and health policy. Although early assessment may support revenue maximization decisions in companies, it clearly emerged from a societal need to justify public investments in R&D as a result of the growing number of public-private partnerships [19] . 
Systematic Scoping Literature Search
One purpose of this article is to give an update on current developments in early HTA with the intention to scope the actual use of early HTA. As such, a two-step citation analysis was carried out using previously published key references and followed by hand searching in Scopus. This strategy was required to analyze the development of the field, and it also maximizes the search output as early HTA
is not yet a well-defined field of research with clear keywords and Medical Subject Headings. The search was meant to be an update of previous reviews and thus limited to the time frame between September 2013 and April 2017 because the previous 2006-13 time window was well covered by other reviews [8, 20, 21] . The citation analysis started with a systematic search of the literature for keywords using MEDLINE and Scopus databases. The following keywords were used in different combinations 'early HTA', 'Health Technology Assessment', 'HTA', 'R&D, 'commercialization', and 'product development' as well as for specific methodologies such as 'Headroom', 'patient preference', 'multi-criteria', and 'Markov model' (see Appendix). All references were then crosschecked for additional papers using MEDLINE and Scopus.
After reviewing the title and abstract of all identified papers, 38 studies were finally selected for further analysis based on the selection criteria. After reading all 38 included papers, another selection was made to ensure the papers actually discussed, proposed, or applied a methodology to inform decisions in an early stage of product development. Finally, 22 case studies published between 2013 and 2016 were included (see Appendix for details of included and excluded papers).
Definitions and Methods Used in Early Health
Technology Assessment
Definitions and Methods Used in Previously Published Reviews
Over the past 10 years, four systematic reviews have been published on early health economic modeling and/or early HTA. Each of them is discussed here with a specific objective to compare the definition of early HTA that was used and the methodologies that were identified in the reviews. In 2008, Hartz and John published the first comprehensive review on early HTA methods as part of the European Inno-HTA project [8] . Although the paper did not include a formal definition of early HTA, they suggested early HTA to be an economic evaluation in early stages of product development, mainly to provide the manufacturer with information about the future commercial viability of the product. They read more than 1000 abstracts and finally included 83 (56 drugs and 27 medical devices) empirical studies that met the inclusion criteria. In addition to the 83 empirical studies, they found 71 methodological papers [8] . The search revealed that key methodologies are early health economic modeling, Bayesian methods, and clinical trial simulation.
Retèl et al. [22] performed a review of early technology assessment of nanotechnologies in cancer, including nanoparticles and other therapeutic agents based on nanotechnology principles. While they also refer to early technology assessment, they mainly reviewed from a policy perspective and thereby referred to the field of constructive technology assessment. Their initial search only found one (out of 91) paper that performed a technology assessment. From an extended search they concluded that although technology assessments do include safety and efficacy, health economic issues are not considered [22] .
IJzerman and Steuten published a narrative review on methods for early HTA of medical devices [13] . Although they did not present a definition of early HTA, they suggested there is a need to inform decisions in earlier stages of product development. In addition, they suggested early HTA can also be useful to inform about public investments and urge for more specificity while using the term early HTA with respect to the type of decision, the stakeholders involved, and the actual decision maker. They presented a wide range of methods used for an early assessment, such as early health economic modeling, real-options analysis, clinical trial simulation, headroom, value-of-information, multi-criteria decision analysis (MCDA), and discrete-choice experiments.
In 2014, a fourth systematic literature review was published presenting specific methodologies in the early assessment of medical devices [21] . This review searched for papers published between 1996 and 2013. They suggest that early assessment should be defined as the assessment of the value of a new medical device at the time when investment decisions are made. They herewith relax the assumption that early HTA is only relevant for manufacturers. Of 1961 papers identified, 113 were included of which 82 were empirical studies. Compared with Hartz and John [8] , the review was limited to medical devices. The review has identified a number of qualitative and quantitative methodologies including early health economic models, headroom, value of information, real-options analysis, technology road mapping, scenario analysis, MCDA, conjoint analysis, and different qualitative methods such as interviews and expert panels.
Proposed Definition of Early Health Technology Assessment
Informed by the various definitions proposed for early HTA in the literature, we suggest that early HTA be defined as ''all methods used to inform industry and other stakeholders about the potential value of new medical products in development, including methods to quantify and manage uncertainty''. There are some important implications of this definition. First, the definition assumes the industry is an important, but not the only, stakeholder. Second, the definition includes early HTA of medical products just before and also at the early stages of clinical use, while accepting that product development can continue after regulatory approval. Third, early HTA not only includes early-stage health economic modeling, but also broadens the scope to a range of methods that can be used to elicit stakeholder preferences, manage risk in technology portfolios, simulate clinical trials, and identify unmet needs. In agreement with previous work, five main reasons for conducting assessments in an early stage of product development were identified, i.e., strategic R&D decisions, preclinical market assessment, portfolio decisions, clinical trial design, and market access and pricing strategies.
Methods for Early Health Technology Assessment
Although the aim of the search was to find novel methodologies used in early HTA, only a limited number of methods were actually found. The methods identified in 22 (out of 36) papers published between 2013 and 2016 were selected and categorized in three main groups: (1) headroom analysis; (2) early-stage health economic modeling; and (3) methods for elicitation of stakeholder preferences and MCDA (Fig. 2) . From the 22 included papers, 11 studies presented an early-stage health economic model and those studies were reviewed in more detail to explore the actual methods used (Table 1) .
Headroom Method to Inform Product Development
The headroom method was first used by Cosh [23] and then further developed and applied by, amongst others, Girling [24] , Chapman [25] , and Markiewicz [26] . The headroom determines the maximum reimbursable price of a product by using the prevailing willingness-to-pay thresholds. If an incremental gain in quality-adjusted life-years (QALYs) is expected, the gain represents a net-monetary value, which can be used to inform a commercial decision by estimating the return on investment. The headroom is very attractive for small and medium sized enterprise (SMEs) and other investors because of the requirement for data and ease of calculation. They suggest the headroom is forcing SMEs to think about the added value of their medical product instead of using the current cost-plus approach, which often is used to determine market prices. The cases show that it can be challenging to estimate the added value, usually expressed in QALYs. Chapman et al. [25] presented a study ACl autologous chondrocyte implantation, CEAC cost-effectiveness acceptability curve, m-Acl matrix assocated autologous chondrocyte implantation, MRI magnetic resonance imaging, nSTEMI non-ST elevated myocardial infarction, R&D research and development, RA rheumatoid arthritis, VOI value of information comparing the predicted headroom of 20 cases with the actual uptake by the National Health Service. They conclude that the positive predictive value for uptake was 86%, meaning that uptake is very likely in cases with a favorable headroom. It should be said, however, that this applies to the nationally controlled UK health system. The original headroom method actually does not specifically address developmental uncertainty. In a recent paper, Girling et al. [24] encourage the use of headroom because it is fast and easy to undertake. Yet, they also acknowledged the issues with headroom when it comes to making a decision on a single numerical quantity in an early stage of development. There are multiple other issues to consider, such as the impact on the company's product portfolio, (technical) developmental uncertainties, and a range of other competitive measures. They therefore suggest working on methods that do incorporate distributions over future outcomes as well as on methods to improve the elicitation of beliefs by experts about future outcomes [24] . Incorporation of uncertainties over future outcomes and developmental uncertainty is close to real-options analysis, where future developmental scenarios are both identified and quantified as options-value [28] .
Early-Stage Health Economic Models
In the search, nine different applications presenting an early-stage health economic model were identified [29] [30] [31] [32] [33] [34] [35] [36] 45] . Three additional papers were excluded because they either extended an initial modeling study with longterm data or addressed a specific question about the value of additional research [37] [38] [39] . The applications that were evaluated included diagnostic tests for rheumatoid arthritis, a vascular closure device, tissue-engineered cartilage repair, a diagnostic test for stroke recurrence, and genomic profiling in breast cancer (Table 1) . From the table, it can be seen that the majority of studies involve products that are either available for clinical trials or nearly available for market launch. No studies were found that evaluated specific devices or drug compounds in an early stage prior to the start of clinical trials. All case studies involved a health economic model using either a decision tree or state-transition approach, where uncertainty over future outcomes is either analyzed using a sensitivity analysis or reduced by eliciting expert beliefs over such outcomes. Both deterministic and probabilistic sensitivity analyses are used in the case studies. Deterministic sensitivity analysis allows further analysis of the main drivers of cost effectiveness in the model, which can be used to inform companies about design improvements. Probabilistic sensitivity analysis is frequently employed as part of a Bayesian framework and can be used to determine the value of additional research and thus prioritize further clinical evidence development.
A specific modeling approach was used by KolominskyRabas et al. [36] . They used dynamic simulation, i.e., systems dynamics and discrete-event simulation, to extrapolate the health and economic benefits of implementing a new monitoring device for patients with heart failure. Although the device is available, the modeling approach is new in its objectives to account for health systems dynamics and thus anticipate real-world effects.
Where other studies implemented modeling strategies comparing a new technology with current care, Djanatliev et al. suggested dynamic simulation models to extrapolate the effect of new medical technology implementation in a specific care pathway where a long-term foresight is required [40] . They specifically propose the methodology with respect to the design of medical devices where the decision to develop the new technology depends on the expected future use as well as context in which the technology is used. An example of this modeling approach is shown in the case of 'mobile stroke units', which aim to reduce the time to thrombolysis [36] . The authors suggest that, while other methods fail to account for future dynamics, systems modeling is a better approach. A potential disadvantage, however, is the relatively high data demands.
Stakeholder Preference Elicitation and MultiCriteria Decision Analysis
A potentially promising methodology in early HTA is the use of choice models and MCDA for estimating the value of (future) interventions and to identify preferences for new medical products. By systematic collection of preferences for different stakeholder groups for a set of hypothetical new products, it is possible to estimate the relative value of new medical technologies. Different examples are published either to inform medical product development or health policy. In addition, MCDA is another methodology used to support decisions in early stages of medical product development. In particular, MCDA has been proposed to support portfolio decisions where resources over a range of technologies are allocated based on future value and development risk [41] . At different points in the development, a product's value can be established for different stakeholders and used to support actual decision making [42] .
One specific form of stakeholder elicitation is the use of belief elicitation methods to elicit unknown priors or to handle evidence gaps in early-stage models has been advocated. Belief elicitation methods emerged from probability theory and statistics and have found different applications in healthcare [43] . Belief elicitation is used in quite a number of papers implementing headroom analysis or an early-stage health economic model. Specific applications of elicitation methods were published in several studies presenting an early health economic model [44] [45] [46] or for estimation of headroom [24, 47] .
In principle, belief elicitation can be used to estimate unknown probabilities as well as unknown effect sizes. Cao et al. and Kip et al. used probability elicitation to estimate transition probabilities in a health economic model [47] . Haakma et al. used belief elicitation to estimate the likely diagnostic performance of a new imaging device [44] . Different methods have been used to elicit beliefs and the implementation requires a strict protocol, including methods to calibrate the experts. Recently, clear guidelines on the reporting of belief elicitation were published [48] . Another useful resource is available from the University of Sheffield with the Sheffield Elicitation Framework (www. tonyohagan.co.uk/shelf/).
Future Outlook: Use of Early Health
Technology Assessment in Value-Based Healthcare
While this review has mainly illustrated the historical context and some of the more recent work on early HTA, the future outlook is appealing. With increasing pressure on health systems, an increasing consumer demand, an increasing complexity of biomedical R&D, and a larger amount of resources spent on product development, a move toward earlier assessments of product's societal and clinical benefits is very valuable [49] . Although the present study has not been able to identify the actual impact of early HTA on companies' portfolio decisions, the increase in empirical early HTA studies suggests that early HTA fills a gap in medical product development. It is hypothesized that, in particular for devices, early HTA may even gain more impact. Craven et al. sent out a survey to SMEs regarding their health economics knowledge and concluded that 60% of SME participants (mostly company directors or managers, including product or project managers) rated themselves as having either low or no knowledge of health economics prior to the workshops with the remainder professing at least average knowledge [50] .
For several reasons, discussed in the remaining sections, early HTA will likely receive more attention in the coming decade, while, at the same time, the paradigm or context for doing such assessments will change. We consider three trends based on the observation that society is increasingly concerned with delivering value for money in a timely and accountable way, including [1] the move towards valuebased healthcare, [2] the dynamics of healthcare pathways, and [3] the personalization of treatment.
Value-Based Healthcare
Most of the work on early HTA is performed under the paradigm that society is willing to pay for additional value generated. This means that, in particular for medical devices, company portfolio decisions and pricing strategies will be based on the added value of a new product instead of a more classic 'cost-plus' mechanism. Carrying out early HTA enables a company to target for a specific added value to society or, alternatively, adapt their pricing strategy to a level that is justified given the added value. A company's product portfolio, likewise, will be evaluated based on the prospect to deliver value to society in addition to strategic and technological competitive advantages. In most of the empirical studies presenting an early health economic model, the assumption is that the QALY is the single metric of value. Yet, the QALY is not used in all jurisdictions as a mechanism to justify resource allocation. Second, it is argued that the QALY does not capture all value components relevant for society and for patients [51] [52] [53] [54] [55] .
Therefore, alternative methods to measure value have been explored and used such as discrete-choice experiments and MCDA and it is quite easy to see how such preference elicitation models could be used to estimate the relative value of (hypothetical) new technologies [56] , or how they can be used to support R&D teams making decisions based on relative values of the alternative technologies [57] .
Healthcare Pathways and Real-World Evidence
Health technology assessment (and thus early HTA) works on the premise that it synthesizes findings from pragmatically designed clinical trials and other data sources to inform health policy. However, if one is interested in using early HTA to understand the added value to the health system, there are two important challenges, i.e., the use of real-world, in addition to trial, data and the appreciation of healthcare pathways.
Although experimental data are reliable and less prone to all sorts of bias, they are also of limited value to evaluate the dynamics in the health system. In particular, observational studies and other big data sources would allow more detailed analysis of health operations, compliance to guidelines, and the dynamic interactions in the system. These data sources may be useful in addition to other registries, with an emphasis on the use of claims and administrative data and electronic medical records. In this regard, several computational approaches are used and explored to mine large data that may also be used in early HTA [58] .
A second observation is that most early HTA models to date assume a head-to-head comparison of a new medical product to the current best practice. While this has been common practice in HTA and health economic modeling, this approach may not accurately reflect the dynamics of healthcare pathways where patients are subject to a series of diagnostic procedures and treatment sequences or in cases where the availability of services depends on constraints in the healthcare delivery system. For instance, a recent paper analyzing approximately 250 million patients identified that between 10 and 25% of the patients follow a completely individualized drug treatment pathway [59] . Hence, it may be useful to consider such dynamic treatment sequences for drugs and diagnostics or monitoring technologies in early HTA. Dynamic simulation modeling methods, such as discrete-event simulation and agent-based modeling, may therefore be used to incorporate the complex interactions in the healthcare delivery system, the emergent behavior of the system, and the dynamics of diagnostic and treatment interactions [60] [61] [62] .
Early Health Technology Assessment and Personalized Medicine
While several good practices for evidence development exist, the current evidence development strategies are unlikely to be sufficient when it comes to personalizing treatment because they are largely based on a standardized comparison of two or more treatments in a well-identified population. As personalized medicine basically challenges the mechanism to build the evidence base because of the uncertainty in the evidence base around specific biomarkers predictive for therapy outcomes, this introduces some very specific challenges for early HTA. For instance, the speedy discovery of new biomarkers and the appropriate targeting of treatment poses a challenge for evidence generation and thus an interesting field for early HTA [63] .
The clinical validation and analysis of clinical utility remain difficult and most likely require different statistical methods. Second, the target population may not be well defined in personalized medicine in the first place, and the treatment strategies can be dynamic, sequential, and very specific for the individual. In such cases where standard randomized controlled trials cannot easily be carried out, simulation modeling approaches may be useful but Markov state-transition models may not be sufficient because such models often do not address time-dependent behavior (e.g., changes in response rates over time), often an important feature of personalized medicine [64, 65] . Large observational studies and databases that contain extensive genomic, phenotype, socioeconomic, clinical, and outcomes data for thousands of patients are potentially useful additions to more commonly used health outcomes data collected in trials and other planned clinical research [66] .
Conclusions and Limitations of this Review
The field of early HTA is emerging as an essential element of medical product and clinical evidence development. Different definitions have been used, but most frequently early HTA is referred to as the use of economic evaluation in early stages of product development mainly to inform industry at the time that investment decisions are made. Although previous studies have found a number of methodologies used in early HTA, such as methods for risk assessment and management of medical product portfolios, most of the recent empirical studies only report an early-stage health economic model. It is therefore recommended to combine early health economic modeling and systems engineering to map technology development scenarios with reference to societal value. Although the present review was intended to be a scoping review describing the development of early HTA, there are some limitations with regard to the actual studies included in this article. First, different definitions of early HTA have been used and prevent a clear search strategy, which became even more apparent after testing the search strategy and an appropriate set of keywords. In addition, there is most likely a publication bias when it comes to actual published empirical studies because of intellectual property and confidentiality. However, with these limitations in mind, the review provides several recommendations for future research.
Author Contributions All authors contributed to the study. MIJ and MK discussed the objectives and design of the study. MIJ searched the literature, analyzed the data, and was the primary author. HK, EF, and MK critically reviewed several versions of the manuscript and provided technical assistance.
Compliance with Ethical Standards
Funding No funding from external sources was received for this work.
Conflict of interest MIJ, HK, EF, and MK have no conflicts of interest directly relevant to the content of this article.
Data sharing
The authors declare that the data supporting the findings of this study are available within the article and its supplementary information files.
Open Access This article is distributed under the terms of the Creative Commons Attribution-NonCommercial 4.0 International License (http://creativecommons.org/licenses/by-nc/4.0/), which permits any noncommercial use, distribution, and reproduction in any medium, provided you give appropriate credit to the original author(s) and the source, provide a link to the Creative Commons license, and indicate if changes were made.
